1. Introduction {#sec1}
===============

Cardiac hypertrophy occurs in many heart diseases (e.g., essential hypertension, myocardial infarction, and valvular diseases). Characterized by an increase in the size of cardiac myocytes and whole heart enlargement, cardiac hypertrophy is an adaptive reaction in response to increased pressure overload. Sustained after-overload usually induces an initial compensatory hypertrophy, which can progress to pathologic cardiac hypertrophy and finally to congestive heart failure \[[@B1]\]. Overpressure is a major initiative stimulus triggering protein synthesis, gene expression reprogramming, and activation of various signaling molecules, such as protein kinase C (PKC) pathway, the mitogen-activated protein kinases (MAPK) pathway, and the phosphatidylinositol 3-kinase (PI3-K)/Akt pathway, and, thus, subsequently modifies transcriptional regulatory factors (GATA4) and resulting in cardiac hypertrophy \[[@B2]--[@B4]\].

Apocynum tablet (AT, Guangdong Peace Pharmaceutical Corp, Guangdong, China), a traditional Chinese medicine formulated mainly with following herbs:*Apocynum, Chrysanthemum,* and*Fangchi*, has been widely used in China to treat patients with hypertension \[[@B5]\]. Clinical trials demonstrated that apocynum tablet is effective and safe for treating hypertension \[[@B6], [@B7]\]. However, the underlying molecular mechanisms of AT on the hypertension-induced cardiac hypertrophy remain elusive. The current study evaluated a hypothesis that AT can protect hypertension patients from cardiac hypertrophy by inhibiting phosphorylation of ERK1/2 and AKT. To evaluate this hypothesis, we compared cardiac hypertrophy and phosphorylation of ERK1/2 and AKT between mouse models of hypertension with and without pretreatment of AT.

2. Methods {#sec2}
==========

2.1. Animals and Reagents {#sec2.1}
-------------------------

This study was performed in accordance with the guidelines and with approval from the Institutional Animal Care and Use Committee of Guangdong Province Hospital of Chinese Medicine, Guangzhou University of Traditional Chinese Medicine, and with the Guide for the Care and Use of Laboratory Animals published by the National Academy of Sciences (8th edition, Washington, DC, 2011).

2.2. Transverse Aortic Constriction {#sec2.2}
-----------------------------------

To explore the effects of AT in cardiac hypertrophy, we constructed a cardiac hypertrophy model by using transverse aortic constriction (TAC) surgery to impose pressure overload in mice using similar protocol as was published previously \[[@B8], [@B9]\]. In brief, increased pressure in the transverse thoracic aorta was induced by means of TAC (Figures [1(a)](#fig1){ref-type="fig"} and [1(b)](#fig1){ref-type="fig"}). Male mice (C57BL/6J, 8 to 10 weeks old, 25 ± 5 g body weight, from the Experimental Animal Center of Guangdong Province) were anesthetized with pentobarbital sodium (60 mg/kg IP, Sigma-Aldrich Corp). The mice were orally intubated with 20-gauge tubing and ventilated (Harvard Apparatus Rodent Ventilator, model 687) at 110 breaths per minute (0.2 mL tidal volume). A 3 mm center thoracotomy was created. The transverse aortic arch was ligated (7--0 Prolene) between the innominate and left common carotid arteries with an overlying 28-gauge needle, and then the needle was removed, leaving a discrete region of stenosis. The chest was closed, and the pneumothorax was evacuated. Some mice were subjected to a sham operation in which the aortic arch was visualized but not banded.

2.3. Protocol {#sec2.3}
-------------

Based on literature, clinical usage (a 70 Kg person taking 2 AT pills each time, three times a day, each tablet weighs 0.6 g), and the Meeh-Rubner equation of dose conversion between humans and mice, human dosage of AT (0.51 g/kg/day) equals 0.67 g/kg/day for mouse. We choose 0.6 g/kg dosage for mice by intragastric administration (i.g) daily. Mice were assigned to four groups: NS-SHAM group, NS-TAC group, AT-SHAM group, and AT-TAC group. Mice in NS-SHAM received saline i.g and all the surgery except constricting the aorta; mice in NS-TAC were subjected to saline i.g and TAC surgery; AT-SHAM mice received AT i.g and all the surgery except constricting the aorta; AT-TAC mice received AT i.g and TAC surgery.

2.4. HW Assessment and Histological Examination {#sec2.4}
-----------------------------------------------

At the completion of the experiment, animals were euthanized and their hearts were removed, the left ventricle was quickly separated from the atria and right ventricular free wall, and their heart \[left ventricle + right ventricle\] weights (HW) and body weights (BW) were determined. Then, left ventricles were fixed overnight in 4% paraformaldehyde before embedding in paraffin. Sections of 5 *μ*m were prepared and stained with hematoxylin-eosin (HE) or Sirius red for evaluation of myocyte hypertrophy and collagen content, respectively.

Cardiomyocytes from LV cross sections were stained with hematoxylin-eosin, and mean values from each mouse were calculated by measurements from 60 to 80 cells from an individual mouse using light microscopy at × 400 magnification. Sirus-stained sections were quantitatively analyzed using light microscopy at × 40 magnification to evaluate myocardial fibrosis using the difference in color (red fibrotic area as opposed to yellow myocardium). Digital photographs were obtained by using a color image analyzer (QWin Colour Binary 1, LEICA).

2.5. Western Blot Analysis {#sec2.5}
--------------------------

Western blot was performed as previously described \[[@B10]\]. Briefly, samples were lysed in 100 *μ*L buffer containing 20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 10 mM sodium pyrophosphate, 5 mM EDTA, 50 mM NaF, 1 mM sodium vanadate, 0.1% SDS, 10% glycerol, 1% Triton X-100, 1% sodium deoxycholate, 1 mM leupeptin, 0.1 mM aprotinin, and 1 mM PMSF. Protein concentration was determined with a BCA protein assay kit (Pierce Biotechnology, Inc, Rockford, IL, USA), and proteins were separated on a 10% SDS-polyacrylamide gel and then electrophoretically transferred to nitrocellulose membranes (Pall Corporation, East Hill, NY, USA). Results are expressed as the changes over control (Con) or sham (SHAM of TAC group). Following antibodies were used in this study: anti-phospho-ERK1/2 (Thr202/Tyr204, Cell Signaling Technology, Beverly, MA, USA), anti-phospho-PKB (Ser473, Cell Signaling Technology), anti-ERK1/2 (Santa Cruz Technology, Delaware, CA, USA), and anti-GATA4 (Selleckchem Technology, Houston, TX, USA). The sheets were analyzed with antibodies according to the supplier\'s protocol and visualized peroxidase using an enhanced-chemiluminescence system (ECL kit, Pierce Biotechnology, Inc.). Bands were visualized by use of a super western sensitivity chemiluminescence detection system (Pierce, IL). Autoradiographs were quantitated by a densitometry Science Imaging system (Bio-Rad, Hercules, CA).

2.6. Statistical Analysis {#sec2.6}
-------------------------

Data are presented as mean ± SEM. Statistical analysis was performed by one-way analysis of variance followed by Turkey\'s method or unpaired two-tailed Student\'s *t*-tests. Results were considered statistically significant at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. AT Inhibited Cardiac Hypertrophy in Response to Pressure Overload {#sec3.1}
----------------------------------------------------------------------

There were no significant differences in body weight among the four groups of mice (*P* \> 0.05, [Table 1](#tab1){ref-type="table"}). At the end of 2 weeks after surgery, cardiomyocytes were much bigger in NS-TAC than NS-SHAM mice (377.8 ± 29.2 *μ*m^2^ versus 170.8 ± 7.8 *μ*m^2^, *P* \< 0.001, Figures [2(a)](#fig2){ref-type="fig"}, [3(a)](#fig3){ref-type="fig"} and [3(b)](#fig3){ref-type="fig"}). Also cardiac fibrosis formed much more in the NS-TAC mice than in the NS-SHAM mice (9.84 ± 0.42% versus 2.10 ± 0.82%, *P* \< 0.001, Figures [2(b)](#fig2){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). Heart weights (HW) were significantly heavier in the NS-TAC mice than NS-SHAM mice (HW, 151.2 ± 5.7 mg versus 128.6 ± 3.7 mg, *P* \< 0.001, [Figure 4(a)](#fig4){ref-type="fig"}). The ratio of left ventricular weight (LVW) to tibal length (TL) was higher in the NS-TAC mice than in the NS-SHAM mice (6.1 ± 0.5 versus 4.5 ± 0.2, *P* \< 0.01, [Figure 4(c)](#fig4){ref-type="fig"}). However, the ratios of lung weight to body weight (BW) differed insignificantly among the four groups (*P* \> 0.05, [Figure 4(d)](#fig4){ref-type="fig"}). Therefore, these results showed that compensate pathological cardiac hypertrophy, but not decompensate heart failure, was formed after TAC surgery. Subsequently, we compared the effects between NS-TAC mice and AT-TAC mice. As shown in [Figure 4](#fig4){ref-type="fig"}, HW and LVW/TL were significantly lower in AT-TAC (HW, 128.6 ± 3.7 mg; LVW/TL, 5.4 ± 0.2, resp.) than NS-TAC mice (HW, 151.2 ± 5.7 mg, *P* \< 0.001; LVW/TL, 6.1 ± 0.5, *P* \< 0.001, resp., [Figure 4(c)](#fig4){ref-type="fig"}). Together, these date demonstrated that AT could inhibit cardiac hypertrophy in response to pressure overload.

3.2. AT Decreased the Mortality in Response to Pressure Overload {#sec3.2}
----------------------------------------------------------------

Recent clinical data have demonstrated that AT drastically improved cardiac function, structure, and quality of life in hypertension patients \[[@B11]\]. One critical question arising from the observation that AT prevented hypertrophy in the TAC mice is whether it has a beneficial or harmful impact on animal survival. To investigate this, we evaluated the effects of AT on post-TAC survival by analyzing Kaplan-Meier curves in the four groups of mice. We found that the survival rate was significantly higher in the AT-TAC mice than the NS-TAC mice ([Figure 5](#fig5){ref-type="fig"}). AT-TAC mice displayed a significantly improved survival compared to NS-TAC mice ([Figure 5](#fig5){ref-type="fig"}), whereas NS-TAC mice had 87% survival (*n* = 31) 2 weeks after TAC, AT-TAC mice had 96% survival (*n* = 28; *P* \< 0.001). AT-SHAM and NS-SHAM mice that underwent sham surgery, which included thoracotomy but no constriction of the aorta, had 100% survival for both AT-SHAM and NS-SHAM groups ([Figure 5](#fig5){ref-type="fig"}). Thus, AT significantly improved mice survival after TAC surgery in response to pressure overload.

3.3. Phosphorylation of ERK1/2 and AKT Were Inhibited after AT Stimulation {#sec3.3}
--------------------------------------------------------------------------

To investigate the mechanisms of AT inhibition on cardiac hypertrophy in response to pressure overload, we focused on MAPK and AKT, which are two main signal transduction pathways involved in cardiac hypertrophy \[[@B12]\]. By using Western blot analysis, we found that the ERK1/2 phosphorylations of threonines at 202th and 204th sites were enhanced in NS-TAC group, compared with NS-SHAM group (*P* \< 0.05, Figures [6(a)](#fig6){ref-type="fig"} and [6(c)](#fig6){ref-type="fig"}). Interestingly, the phosphorylations of threonines at 202th and 204th sites were reduced after AT stimulation in AT-TAC group, compared with NS-TAC group. Thus, these data revealed that AT reversed TAC-induced cardiac hypertrophy through the ERK1/2 phosphorylations of threonines at 202th and 204th sites. Moreover, we detected that the AKT phosphorylation of tyrosine at 473th site, which was increased in NS-TAC group (*P* \< 0.05, versus NS-SHAM groups, Figures [6(b)](#fig6){ref-type="fig"} and [6(d)](#fig6){ref-type="fig"}), but decreased after AT stimulation in AT-TAC group. Together, these data revealed that AT reversed TAC-induced cardiac hypertrophy via suppressing the ERK1/2 phosphorylations of threonines at 202th and 204th sites and AKT phosphorylation of tyrosine at 473th site.

3.4. The Protein Expression of GATA4 Was Reduced after AT Treatment in Mice {#sec3.4}
---------------------------------------------------------------------------

To further investigate the potential role of the ERK1/2 and AKT pathway in the hypertrophic-inhibiting effect of AT in TAC, we analyzed a typical downstream target, GATA4. GATA4 is a zinc finger, containing transcription factor that plays key roles in promoting heart growth and regulating cardiac hypertrophy \[[@B13], [@B14]\], and is associated with multiple hypertrophic signaling pathways, such as ERK1/2 \[[@B15]\], p38, Akt \[[@B16]\], and CnA/NFATc3 \[[@B17]\]. As shown in [Figure 7](#fig7){ref-type="fig"}, protein expression of GATA4 in the NS-TAC group was significantly increased compared with NS-SHAM group (*P* \< 0.05), in consistence with literature \[[@B18a], [@B18b]\]. However, after AT stimulation, the protein expression of GATA4 was reduced in AT-TAC mice, compared with NS-TAC group (*P* \< 0.05, Figures [7(a)](#fig7){ref-type="fig"} and [7(b)](#fig7){ref-type="fig"}), which was also consistent with the changes in ERK and AKT. Thus, these data revealed that AT reversed TAC-induced cardiac hypertrophy through the protein expression of GATA4.

We formulated a working model based on the observations of this study ([Figure 8](#fig8){ref-type="fig"}). Stress overload of TAC could activate the phosphorylation of the protein kinases of ERK1/2 and AKT, enhance the expression of GATA4, promote the transcription of hypertrophic gene, and result in cardiac hypertrophy and fibrosis. AT could inhibit the phosphorylation of ERK1/2 and AKT, reduce GATA4, and inhibit pathological development of cardiac hypertrophy.

4. Discussion {#sec4}
=============

This study illustrated the mechanism of AT protection against pathological cardiac hypertrophy in mice. Our results can be summarized as follows: (1) AT could attenuate cardiac hypertrophy and cardiac fibrosis in response to pressure overload in vivo; (2) the effects of AT could be mediated by mitogen-activated protein kinase 1/2 signaling pathway; (3) AKT signaling pathway also participated in the protective role of AT on pathological cardiac hypertrophy; and (4) GATA4 was also reduced after AT stimulation in response to TAC. To our knowledge, this is the first study to demonstrate the effectiveness and mechanism of AT in reducing pathological cardiac hypertrophy in response to pressure overload in mice.

Clinical studies revealed that systolic and diastolic blood pressure in hypertension patients were reduced more significantly by treatments with apocynum tablets than with nifedipine alone. Apocynum tablet in combination with nifedipine had a stable antihypertensive effect \[[@B6], [@B7]\]. Apocynum leaves, which are a major ingredient of apocynum tablets, contain three main active compounds: quercetin, flavonoids, and carbohydrates \[[@B5]\]. Quercetin could enhance capillary resistance, reduce capillary fragility, lower blood pressure, dilate coronary artery, and enhance coronary blood flow \[[@B19]\]. Another major ingredient of AT, chrysanthemum, could increase cardiac output and stroke volume and slowly and persistently decrease blood pressure \[[@B20]\]. The current study further advanced our knowledge by demonstrating AT treatment could prevent the development of pathological cardiac hypertrophy.

Cardiac hypertrophy is regulated by a network of signaling pathways, including beta-adrenergic receptor signaling and associated kinases, PKC-alpha, Ca^2+^/calmodulin-dependent kinase II signaling, Phosphodiesterase 5, MAPKs, HDAC, PI3-K/AKT, and GATA4 \[[@B21]\]. Previous studies demonstrated that cardiac hypertrophy is mediated by a PI3-K/AKT and ERK1/2 pathway, which can be pharmacological targets for cardioprotection \[[@B22], [@B23]\]. Considering there is still no effective Chinese medicine to treat cardiac hypertrophy, we did not set the positive control of Chinese medicine and different AT dosages. The present study demonstrated that AT significantly decreased cardiac hypertrophy and suppressed the increases of phosphorylation of Akt and ERK1/2 following the TAC surgery in mice.

The zinc-finger containing transcription factor GATA4 has been ascribed to a number of critical functions in the heart, spanning from the specification and differentiation of cardiac myocytes early in development to the regulation of the cardiac hypertrophic response in the adult. GATA4 mediates these processes through directly binding to the promoters of the ANF, BNP, alpha-MHC, and beta-MHC genes, thereby controlling their expression in the heart \[[@B24]\]. Overexpression of GATA4 by adenoviral gene transfer induced cardiomyocyte hypertrophy \[[@B25]\]. Cardiac specific knockout of GATA4 in adult mouse renders the heart less able to hypertrophy with agonist or pressure overload stimulation, as well as more likely to succumb to heart failure \[[@B26]\]. Both ERK1/2 and AKT activity were necessary for the increase in GATA4 DNA binding from hearts underwent acute wall stretching \[[@B27]\]. Here we demonstrated that GATA4 expression was reduced after AT treatment in response to pressure overload. Together, our findings contribute to further understanding the molecular mechanisms of cardiac protection of AT.

Although there are several cardioprotective drugs for treating heart failure and cardiac hypertrophy, such as beta-adrenergic receptor blocker, ACE inhibitor, and calcium channel blockers, the mobility and mortality of heart failure and cardiac hypertrophy were still high in the United States \[[@B28]\]. These inadequate results could be due to the presence of multiple mechanistic pathways of cardiac hypertrophy and the lack of therapies targeting these pathways simultaneously. Increasing evidences demonstrated that there are several bioactive ingredients contributing to AT\'s cardioprotection effects against cardiac hypertrophy, such as apocynum leaves and wild chrysanthemum \[[@B29], [@B30]\]. The complex profile of active ingredients in AT could act on multiple signaling pathways, which might possibly overcome the deficiencies of these single-target drugs in protecting against cardiac hypertrophy.

We used 28 G needle to construct the TAC model in the current study. This method reliably produced a model of cardiac hypertrophy 2 weeks after TAC surgery ([Figure 2](#fig2){ref-type="fig"}). Our preliminary study showed that we produced stable aortic pressure gradient (AoPg) waved in 70--90 mmHg after TAC surgery for 1 week (data not shown), in consistence with a report from Vatner\'s laboratory \[[@B9]\].

In conclusion, the present results enhanced our understanding of the role of AT on cardiac hypertrophy. We demonstrated that selective ERK1/2 and AKT modulation for cardioprotection is feasible, suggesting their possibilities to be therapeutic targets. These data experimentally provided evidences that AT inhibits cardiac hypertrophy from pressure overload and elucidated the mechanisms of the effective AT treatment in patients with cardiac hypertrophy.
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![Schematic diagram (a) and echocardiography (b) of TAC surgery.](ECAM2014-769515.001){#fig1}

![Dye-stained hypertrophic heart sections. (a) H&E-stained (upper) and (b) Sirius red-stained (lower) sections of representative hearts from NS and AT mice 14 days after either SHAM or TAC surgery. Scale at bottom is in mm.](ECAM2014-769515.002){#fig2}

![Histological sections of the left ventricular (LV) wall (Groups: NS-SHAM, NS-TAC, AT-SHAN and AT-TAC mice). (a) The LV cross sections of the four groups stained with H&E (×400 magnification, Scale bar, 20 *μ*m) and Sirius red (red staining, ×40 magnifications, Scale bar, 200 *μ*m). (b) Mean cross-sectional area of cardiomyocytes and (c) the fraction of fibrotic area. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, comparison among the groups.](ECAM2014-769515.003){#fig3}

![Differences among the four groups. (a) HW, (b) HW/BW, (c) LVW/TL, (d) Lung/BW were compared among the four groups (NS-SHAM, NS-TAC, AT-SHAN, and AT-TAC mice). \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001; n.s.: no significance.](ECAM2014-769515.004){#fig4}

![Kaplan-Meier survival curves of NS-SHAM, AT-SHAM, AT-TAC, and NS-TAC mice.](ECAM2014-769515.005){#fig5}

![AT inhibited the phosphorylation of ERK1/2 and AKT in response to TAC. (a) Phosphorylated (p)-Thr202/204 extracellular signal-regulated kinase (ERK) 1/2 and (b) p-Ser473 protein kinase B (AKT), and quantified data for (c) p-ERK1/2 and for (d) p-AKT. Data (mean ± SEM, *n* = 3) were expressed as fold changes from total protein (ERK1/2, AKT) and control (NS-SHAM). \**P* \< 0.05 study group versus NS-SHAM group.](ECAM2014-769515.006){#fig6}

![The protein expression of GATA4 was reduced after AT treatment in mice. (a) Western blot bands of the protein expression of GATA4 and GAPDH and (b) their fold changes in the four groups (NS-SHAM, NS-TAC, AT-SHAM, and AT-TAC). Data are mean ± SEM (*n* = 7). \**P* \< 0.05 NS-TAC versus NS-SHAM and AT-TAC groups.](ECAM2014-769515.007){#fig7}

![A model of pathways in the cardioprotection of AT in response to pressure stress overload. TAC (stress overload) could activate phosphorylation of the protein kinases of ERK1/2 and AKT, enhance the expression of GATA4, promote the transcription of hypertrophic gene, and result in cardiac hypertrophy and cardiac fibrosis. AT could inhibit the phosphorylation of ERK1/2 and AKT, reduce GATA4, and inhibit pathological development of cardiac hypertrophy. ⨂ denotes inhibition of protein kinase by AT treatment.](ECAM2014-769515.008){#fig8}

###### 

Anatomical data of the four groups.

  Group       NS-SHAM (*n* = 6)   NS-TAC (*n* = 15)   LBM-SHAM (*n* = 9)   LBM-TAC (*n* = 16)
  ----------- ------------------- ------------------- -------------------- --------------------
  BW, g       23 ± 0.3            23 ± 0.4            22 ± 0.3             23 ± 0.2
  HW, mg      116.5 ± 3.8         151.2 ± 5.7∗∗∗      106.6 ± 4.0          128.6 ± 3.7^∗\#\#^
  LVW, mg     78.7 ± 3.9          104.5 ± 8.9∗∗       57.7 ± 9.5           92.4 ± 2.9^∗∗\#^
  Lung, mg    135.7 ± 3.2         147.9 ± 8.7         167.7 ± 10.4         154.6 ± 5.8
  Liver, mg   876.0 ± 17.5        1054.6 ± 47.1       948.5 ± 51.7         980.4 ± 33.5
  TL, mm      17.4 ± 0.2          17.3 ± 0.1          17.1 ± 0.1           17.1 ± 0.1
  HW/BW       5.1 ± 0.2           6.5 ± 0.3∗∗         4.8 ± 0.1            5.6 ± 0.1^\#^
  HW/TL       6.7 ± 0.2           8.8 ± 0.3∗∗∗        6.2 ± 0.2            7.5 ± 0.2^∗\#\#^
  LVW/TL      4.5 ± 0.2           6.1 ± 0.5∗∗         3.4 ± 0.6            5.4 ± 0.2^∗∗\#^
  Lung/BW     5.9 ± 0.1           6.4 ± 0.5           7.6 ± 0.6            6.7 ± 0.3
  Liver/BW    38.4 ± 0.6          48.9 ± 2.4          42.3 ± 1.7           42.5 ± 1.5

NS: saline; AT: apocynum tablets; TAC: transverse aortic constriction; BW: body weight; HW: heart weight; LVW: left ventricular weight; TL: tibial length; ∗*P* \< 0.05, ∗∗*P* \< 0.01, and ∗∗∗*P* \< 0.001 compared to NS-SHAM or AT-SHAM from the same group. ^\#^ *P* \< 0.05, ^\#\#^ *P* \< 0.01, compared to AT-TAC from NS-TAC group.
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